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CALIBRATION OF STRAIN-GAGE INSTALLATIONS IN ATRCRAFT STRUCTURES FOR THE
MEASUREMENT OF FLIGHT LOADS*

By T. H. Sxorinskr, WiLLIAM S. A1kEN, JR., and WiLBER B. HusTon

SUMMARY

A general method has been developed for calibrating strain-
gage installations in aircraft structures, which permaits the
measurement in flight of the shear or lift, the bending moment,
and the torque or pilching moment on the principal lifting or
conirol surfaces. Although the stress in structural members
may not be a simple function of the three loads of interest, a
straightforward procedure i8 given for numerically combining
the outputs of several bridges in such a way that the loads may
be obtained. Exlensions of the basic procedure by means of
electrical combination of the sirain-gage bridges are described
which permit compromises between sirain-gage installation
time, availability of recording instruments, and data reduction
time. The basic principles of strain-gage calibration pro-
cedures are illustrated by reference to the data for two aircraft
structures of typical construction, one a straight and the other
a swept horizontal stabilizer.

INTRODUCTION

The measurement of loads on aircraft in flight is required
for a variety of purposes such as in research investigations,
structural integrity demonstrations, and developmental
flight testing. Although pressure-distribution methods per-
mit the determination of aerodynamic loads without correc-
tions for inertia effects, pressure installations must be very
complete in order that accurate load data may be obtained.
Since the time of installation and data reduction may be
lengthy, the general use of pressure-distribution methods in
the measurement of loads on aircraft in flight is avoided

oxcept when specific detailed load-distribution data are -

desired.

A more useful tool for the measurement of the overall
loads on aireraft structures appears to be the wire resistance
strain gage. Properly instaelled and calibrated, such gages
may be used to determine the structural loads on control
surfaces, landing-gear structures, and relatively complex
built-up wing and empennage assemblies. The measured
structural loads cen, in turn, be converted to aerodynamic
loads provided the structural weight distribution is known
and the acceleration distribution has been measured.

References 1 to 5 illustrate various strain-gage calibration
techniques, certain elements of which are common to a
general method which has been used successfully in flight
loads research by the National Advisory Committee for

Aeronautics since 1944 ; references 6 and 7 contain typical
flight loads data obtained by the application of this general
method. Because of the increased interest in . strain-gage
methods, and in an attempt to resolve some of the difficulties
which may be encountered in the use of strain gages for
flight loads measurements, the present report is being
published.

In this report a basic calibration procedure is developed
for calibrating strain-gage installations on aircraft structures
which permits the measurement in flight of the shear, bending
moment, and torque. Extensions of the basic procedure by
use of electrical combination of strain-gage bridges are
described which permit compromises between strain-gage
ingtallation time, availability of recording instruments, and
data reduction time for flight measurements. Since many
of the elements of the calibration procedure are best illus-
trated by reference to and use of experimental data, this
report also includes calibration data and analysis procedures
used for two typicael aircraft structures. In addibion, three
other calibration procedures of very limited application are
briefly discussed in an appendix.

SYMBOLS

L, genera] symbol for shear, bending moment, or torque
(see eq. (40))
M bending moment, in-1b
T torque, 1b-in.
1% shear, 1b
Note: Prime (*) denotes applied values of calibrate loads.
Subscripts pertaining to 34, T, and V or M’, T/, and V*:
L left
R right
j number of applied loads for exact simul-
taneous-equation solutions
n number of applied loads for least-squares
solutions
@iy preliminary load coefficient for structure A
bey preliminary load coefficient for structure B
a’yy  final load coefficient for structure A
by final load coefficient for structure B
constants in equation (34)
myy; . element of inverse matrix .
z distance from torque reference line, in.
z general term for nonlinear chord position effect
Yy distance perpendicular to center line outboard of
strain-gage station, in.

1 Bupersedes NAOA TN 2033, “Oslibration of Strain-Gage Installations in Alreraft Structures for the Met‘asumment of Flight Loads” by T. H. S8kopinski, Willlam 8. Afken, Jr., and

Wilber B. Huston, 1953.
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Ya distance along sweep axis outboard of strain-gage
station, in.

y? general term for nonlinear span position effect

ayy constant in influence-coefficient equation

By constant in load equation

) deflection of galvanometer in strain-gage circuit

dmaz  calculated galvanometer deflection given by equa-
tion (35)

Seat deflection of galvanometer in strain-gage circuit due
to shunting of calibrate resistor across one arm of
strain-gage bridge

€p residual, difference between calculated and applied
shear

i nondimensional bridge response, 8xq-/8.q

I nondimensional response of ¢th uncombined strain-
gage bridge (1=1,2,3, . . . §)

iy nondimensional response of jth uncombined strain-

gage bridge due to ith applied calibrate load

(exact solution, i=1, 2, 3, .7
Eny nondimensional response for yth uncombined strain-

gage bridge due to nth applied calibrate load
(least-squares solution, n >7)

iy nondimensional response of an uncombined shear
bridge

tar nondimensional response of an uncombined bending-
moment bridge

Hr nondimensional response of an uncombined torque
bridge

Additional subscripts for u:
Second subsecript:

L left side

R right side

F  front spar

M midspar

R rear spar

FT {ront top

FB {ront bottom

RT rear top

RB rear bottom
Third subscript:

1 strain-gage station 1
2 strain-gage station 2

Example: Kvpr, designates nondimensional response of an
uncombined shear bridge mounted on left front spar at
strain-gage station 1

P nondimensional response for electrically combined
bridges, Smas/dca

Note: Subscripts for p are the same as for p except that

spar location of combined bridges is not required.

Matrix symbols:

[ 1] square matrix

. rectangular matrix

I N transpose of rectangular matrix
1] row matrix

{1} column matrix

inverse matrix
determinant of matrix
1 row index

] column index

‘depends on the measurements to be made.
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BASIC PROCEDURES FOR CALIBRATION
GENERAL CONSIDERATIONS

Although the use of the wire resistance strain gage for
loads measurements is in some respects similar to its use
in stress determma.tlon, a somewhat different approach is
required since strain is to be used only as a means of obtain-
ing information about the loads. In stress measurement, a
single strain gage is usually used to determine the stress in a
member. In loads measurement, four-active-arm bridges
are generally applied on the principal structural members
in order to obtain higher sensitivity and relative freedom
from the effects of uniform structural temperature changes.

In flight research the loads of primary interest are gen-
erally those on wing or tail surfaces, and, in order to simplify

" the exposition of the procedures in this report, descriptions

are generally given in terms of a cantilever structure such as a
wing or tail. The methods may, however, be utilized with
other structures.

The first step in the measurement of flight loads by means
of strain gages is a selection of the gage location, which
It is necessary
to locate the gages at positions where the stress levels will be
adequate to obtain good sensitivity and, at the same time,
be away from areas of local stress concentrations. A typical
installation is illustrated in figure 1(2), where four-active-arm
bridges are shown installed on a typical two-spar structure.
Ideally, it would be desirable to place the gages at a position
such that a shear bridge would respond only to shear, and,
as in reference 1, & moment bridge only to moment, and so
forth, but generally it is only in an elementary truss type of
beam that locations can be found where such a simple rela-
tionship between load and strain exists.

The loads on a surface such as an airplane wing can be
completely specified by three orthogonal forces (normal,
chord, and end force) and by three orthogonal moments
(beam bending moment, torque, and chord bending moment;).
The strain in & given structural member can, therefore, be
expected to be some function of these six quantities, and this
strain response must be taken into account in any scheme
which relates bridge output to applied load. Such a scheme
should also allow for the fact that, with a complex structutre
such as a wing or tail, the stress in a root member may be
affected not only by the loads outboard of the bridge station
but also by loads on the opposite side or inboard of the strain-
gage station. This carryover effect can be of significance
with unsymmetrical loading conditions. Certain simplifica-
tions are possible, however, since the end force on wings can
be neglected, and the effects of chord forces will be negligible
for the types of strain-gage installation shown in figure 1.
For a wing structure which obeys Hooke’s law, the stress in
a member and, therefors, the output of a strain gage mounted
on that member may be teken as some function of the three
principal terms pertinent to aerodynamic loads investiga-
tions—the lift or shear, the bending moment, and the pitching
moment or torque.

DEVELOPMENT OF EQUATIONS

The simplest relation between the output x of a strain-gage
bridge and the loads (shear, moment, and torque) on a panel
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(a) Typical strain-gage installation of shear and moment bridges.
(b) Electrical-circuit diagram for a single four-active-arm bridge.
(¢) Electrical-circuit diagram for two bridges combined.

Fraure 1.—Typical strain-gage installation and electrical-circuit
diagrams for a single four-active-arm bridge and for two bridges
combined,

outboard of that bridge can be expressed by the linear equation

pi=onV+andl+apT ey

In the presence of carryover, an expansion of this relation
would be necessary in order to include the response of the
bridge to loads applied on the opposite side or intboard of the
bridge station. Such additional terms are introduced where
necessary in the section entitled ‘“Application of Procedures.”

The loads in equation (1) need not represent loads dis-
tributed over the entire area outboard of the strain-gage
station provided the structure conforms to the principle of
superposition; thatis, thestrain ata particularlocation due to
loads applied simultaneously to several points on the struc-
ture is the algebraic sum of the strains due to the same loads
applied individually. In this case, the load in equation (1)
could be a load with a shear value V applied at some point
with coordinates z,y. Thus the load would have bending
moment and torque values given by

M=Vy }

I=Vz @
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"in which case equation (1) can be rewritten as
B
T—,—au-l-auy+ana: @

Equation (3) implies that bridge output is proportional to
the applied shear V and also that the relation between the
output and the coordinates of the point of application (z,y)
is linear. Although the two types of linearity represented by
equation (3) are rather severe restrictions, certain calibration
procedures have essentially been based on this equation and -
are treated briefly in the appendix. In the general case,
equation (3) is not adequate. Although structures have
usually followed Hooke’s law, additional terms involving
other than the first power of the coordinates are required if an
explicit expression for bridge response is to be written.
Nonetheless, equation (3) is useful in evaluating the per-
formance of a bridge, if loads are applied at & number of
points on the surface and the bridge output expressed as
#/V is plotted against the y coordinate of the point of applica-
tion with » as an independent parameter. Shear sensitivity
is represented on such a plot by the intercept (equal to ay)
when z=y=0. Bending-moment sensitivity is shown by
the slope a of & plot of p/V against y for a constant value of
z, whereas torque response is represented by the variation of
u/V with z at constant values of y. The value of p/V thus
represents a sort of strain-gage influence coefficient, and,
since it represents the influence on the bridge output of a
load at a given point, plots of /V against 2 and y are termed
“influence-coefficient plots.’” Curvature in these plots for
loads applied along any straight line on the structure indicates
the necessity of including additional terms in the bridge-
response equation. Although the form of these additional
terms could perhaps be specified on theoretical grounds for
some structures, it is shown that it is not necessary to know
explicitly what these additional terms are. .

An extension of equation (3) which includes additional
terms involving the coordinates and which could apply to any
of the bridges located in the structure is

u¢=anV+aaVy+a¢3V9:+aume+
a,-sVQ,"-I-amVyLl- .« e . +auV$ry‘ (4)

A calibration procedure can be evolved which allows for the
presence of the additional terms by establishing relationships
between applied load and the outputs of & number of bridges.
The basis of this procedure and its application are illustrated
in the equations which follow.

When bridges exhibit responses which ean be represented
by equation (4), with a finite number of terms (say 7), then
equations may be written to relate the applied shear and its
point of application to the oulput of each of j bridges as
follows:

m=anV+oapVytoas Vet . . . +C¥11VI'?/'\
o=Vt anVytanVzt . . . +aVay®
ws=oy V4t anVytaunVzt . . . +ag; Vay*
. . . . . - (52)

pj=aﬂV+aﬂVy—|—a;3Vz+ PR —|—oz”V27’y"‘J
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These equations are expressed in matrix form as
fﬂl\ —au ;g o3 - . du— (Vv )
Ha ag G O3 . . . Qaj Vy
Jll-a ag O3 Ggg . . . Oag Va
e SR = (5b)
\H1J | ap apoap . ..oy | VYt
or
{u}=lad{Vay*} (5¢)

Equations (5) express the output of & number of bridges
as a linear function of an equal number of terms of the type
Vamy. The inverse relation is therefore true that the loads
can be expressed as a linear function of the outputs of j
bridges, or : )

{Varyt}=[8]{x} (6)
where

[B]=[a]™ )

The necessary mathematical condition for the existence of

a solution for the 8 coefficients of equation (6) is that the

determinant of the « coefficients of equations (5) shall not
vanish; that is,

[[ed] =0 8

This condition means that the j strain-gage bridges must
have different characteristics; that is, the values of « for
each bridge must not be linearly related to the values of «
for the other bridges. If this solution exists, it is not neces-
sary to kmow the values of the constants «;, in the influence-

coefficient equations (5) since the load coefficients 8,, in the

load equations (6) could be determined by a suitable pro-
cedure. The primary purpose of the procedure, however, is
to establish relationships between bridge response and the
three loads—shear, moment, and torque. It is therefore
not necessary to evaluate all of the g coefficients in equation
(6) but only the values of the coefficients in the first three
rows; that is,

C )
K2
v Bu B2 Bia - - . ﬁu J H3
{M}= B Bn Bn - . . Bul||< - [ (9)
T B B2 Bws - . - By .
K1)

If these coefficients can be established, then equation (9)
could be used for the determination of loads in flight and
strain-gage responses.

The coefficients 8y, . . . fi;in the equation for shear

rﬂl\
]
M3
.- Buly - g

V=] Bu B2 Bz - (10a)

\ K5
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or transposed as

-

( Bu
Brz
613

. (10b)

V= 1#1#2#3 e #JH

gﬁljJ

can be determined if a number of known loads with shear
values V’; to V’, are applied to the structure. In view of
equation (4) these loads must be applied at various chordwise
and spanwise locations. If the number of applied loads is
equal to the number of bridges j, then these loads and the
bridge outputs can be written as

Vi ~ M M1z oo . o My Bu
V7, Bot B2 . . . Hay Bz
_ (11n)
v, . Byt Bg2 o . - Pyy Bis
or
{V'}=[ul{8} (11b)

and the coefficients {8} can be determined from the solution

.of the simultaneous equations, or, since matrix inversion is

equivalent to solution of the simultaneous equations,
{8}=[1{V"} (12)

In general, the number of bridges required in equations (5),
and thus in equations (9), (10), and (11), is not known in
advance, and’ therefore the exact number of calibrate loads
required cannot be specified. If j bridges are available, all of
which might be required, then 7 calibrate loads can be applied
wheren > j, and the values of the load coefficients8y;. . . By
can be obtained by least-squares procedures. Such a so-
lution involves calculation of the least-squares normal equa-
tions and solution of the resulting simultaneous equations.
These steps can be represented conveniently as a series of
matrix operations. The responses ps; of j bridges to each
of » applied loads would be related to the shear values of
these loads V’; . . . V’, by the equation

V' B p1z - - . g || { Bu
Vs Ha1 M2 . . . Paj B2
| PR . 130)
V,x Hal Ma2 « « . Hnjy 511
or
(V" =l1luasl {815} (13b)

Premultiplication of both sides of equation (13b) by the
matrix of the bridge responses transposed gives the least-
squares normal equation

{17V =3l 12l 1{81 5} (14)
and the values of the load coefficients {8,,} are determined by
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solution of the j simultaneous equations, or

{But=lnsl U asasl 1 {1 1wl 7{V7 o} (18

When the » loads with shear values V', are applied at the
n loading points, n values of bending moment and torque
are fixed (eqs. (2)) and thus the procedure outlined in con-
nection with equations (11) to (15) can also be used to deter-
mine the values of {£:;} and {6}, equation (9), which are
needed to evaluate moment and torque.

The necessary condition for the existence of the least-
. squares solution (15) to equation (14), that the determinant
of the matrix of the normal equations is greater than zero, or

l[”l”u!“T”Pu“]l>0

requires that bridges with similar response characteristics
should not be used together.

(16)

SELECTION OF BRIDGES

As pointed out in connection with equations (5) the num-
ber of bridges required for a given load equation depends upon
the response characteristics of the bridges. Experience has
shown that, when shear bridges are placed at a given station
on the webs of all spars, bending-moment bridges on the
flanges or skin, and torque bridges in the torque boxes, enough
bridges will be available to develop an equation for shear, or
moment, or torque. Usually more than enough bridges are
available. If thejin equation (9) is taken as all the available
bridges, then the particular form the equation should take
for a particular structure—that is, which of the values of 8
are zero—depends upon the nature of the structure. Often
the form can be determined by analogy with other struc-
tures, but some bridges may have such similar characteris-
tics that the output of one is a linear multiple of the output
of another (redundant) or some may be irrelevant (8~0).
Redundancy can sometimes be recognized from examination
of the influence-coefficient plots. Irrelevancy is not always
30 easily determined and an advantage of least-squares solu-
tion for the load coefficients lies in the availability of stand-
ard statistical methods for determining the reliability and
relevancy of any equation. Several checks may be employed.
By referring to equation (10) for shear, one check is to sub-
stitute the n sets of measured values of bridge response g,y
into the load equation and compare the n calculated values
of shear with the n applied values. Defining a residual e
ag the difference between calculated and applied values of
shear, or

{er}={V}—-{V"} (17)

gives the probable error of estimate of shear values obtained
from equation (10) as

2
P.E.(V)=0.6745 4 /—EL 18
V) n—(g+1) (18)
where
n number of loads applied
q number of coefficients in calibration equation
2 ey’ sum of squares of the residuals which may be calcu-

lated from the relationship
226" =2 (V" — 1Bl { Hluasl " {V'5 } } (19)
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where the column matrix on the right has already
been calculated in connection with the solution of
equation (15)

The probable error (ref. 8) in any of the calibration
coefficients is obtained from the probable error of estimate
for the equation and from the terms on the principal diagonal
of the matrix

My Myg . . . Myy
Mgy Mg . . . My

=gl Ve, 17 (20)
Mmpy My . . . Myy

where the matrix on the right also appears in the solution of
the least-squares normal equation (15).

. . Bljis

The relation for
the probable errors of 8y, By, .

P.E.(8u)
P.E.(B12)

21)

PE.(8,)

and similar relationships apply to the probable errors in the
load coefficients in equations for bending moment and
torque. With the coefficients and their probable errors
computed, it is possible to check the calibration equation for
inclusion of irrelevant bridges and redundancy The load
coefficient B of an irrelevant bridge is ordinarily small in
comparison with its probable error and in comparison with
the coefficients of the other bridges. Redundancy is
evidenced by large probable errors in all coefficients, generally
as a result of large values of m,; . . . m,, rather than of the
probable error of estimate. Improved results can often be
obtained by dropping one or more redundant bridges and
recomputing the B coefficients. For detailed comparisons
of a number of load equations involving various selections
of the available bridges, an objective test of the significanes
of any improvement is provided by the F-table (see, for
example, ref. 9).

PROCEDURES FOR BRIDGE COMBINATION

‘When the values of the load coefficients g in equation (9)
have been obtained, they can be used directly with the
measured outputs of the individual bridges for the evaluation
of flight data. Punch-card methods are particularly con-
venient for handling the large quantities of numerical work
involved if loads are required in time-history form. By
electrical combination of the output of several bridges, it is,
however, possible to simplify flight recording and to reduce
data reduction time.

Full-combination procedure.—If the shear expression in
equation (9) requires j bridges and the load coeflicients
Bit . - - Bis have been obtained by least squares, the equa-
tion for shear would be

V=Bum+Bum+ . . . +Bisuy
Factoring out the coefficient with the greatest magnitude.

(22)
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say Pus, gives
V=ﬁm<%;~m+m+ . %,,,) @3)

By suitable choice of attenuating resistors, the outputs of
bridges 1, 3, 4, . . . 7 can be added to the output of bridge
2 to produce a new combined bridge with an output pp

which is proportional to the sum - Bu pl—]— mt . 4-%1—’ e
13
This output is a direct measure of shear alone, or
V=p'pv (24)

A similar procedure can be used to obtain combined channels
which provide direct measurements of bending moment or
torque. The B’ coefficients are obtained by a final calibra-
tion by applying loads at various chordwise and spanwise
locations as in the preliminary calibration.

An electrical circuit which accomplishes the addition of
% u; to ppis shown in figure 1 (¢). The attenuating resistance

12

R, is related to the resistance of the individual gages B and

to the reciprocal of the combining ratio 8;/8:; by the equation -

R.— ﬁ—“—l) R 25)
11

When the circuit is extended to include more than two
bridges, an equation of the form of equation (25) applies to
each of the attenuated bridges. Since, however, with
direct-current circuits, any given bridge can be used in only
one circuit, use of this full-combination procedure usually
requires multiple installation of the individual strain-gage
bridges. If carryover were present, its use might require
that some bridges be installed in sextuplicate. If the num-
ber of bridges which could be installed were limited, use of
the full-combination procedure could restrict the number of
loads which could be measured.

Partial-combination procedure.—A partial-combination
procedure can be evolved which strikes a compromise be-
tween the date reduction time of the basic procedure (eq.
(9)) and the bridge-installation requirements of the full-
combination procedure. In this partial-combination pro-
cedure, data obtained during a preliminary calibration are
used to combine bridges with the same primary sensitivity;
that is, the shear-sensitive bridges on one side of the structure
are combined into a single channel, the moment-sensitive
bridges on one side into a single channel, and torque-sensitive
bridges into a single channel. The structure is then re-
calibrated to determine the final calibration coefficients.
The details of the procedure as given below are for a three-
spar structure subject to carryover effects. The procedure
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can be extended to other structures or simplified for struc-
tures without carryover.

The bridge installation for the structure chosen to illus-
trate the procedure is assumed to consist of three sets of
ghear-sensitive, moment-sensitive, and torque-sensitive
bridges on each side (& total of 18 bridges), which by the
basic calibration procedure might require the solution of six
sets of equations involving as many as eighteen unknowns.
Instead a procedure is adopted which involves the solution
of six sets of least-squares equations based on certain simpli-
fied load equations, containing at most seven coefficients.
For example, for left-side shear the equation involves three
shear bridges with outputs py, us, and p,, the left-side moment,
and the three loads applied on the right, or

VL=311#1 +1312#2+ﬁ13#3+ Bl#ML'I‘ISwVR‘l"ﬂwMR‘{' 511 T, R (26)

By electrical combination of bridges with responses u;, us,
and ps & combined channel is obtained with an output pri-
marily sensitive to shear, secondarily responsive to Mz, Vb,
Mgz, and T, and which by the least-squares process has
minimized the effects of chordwise position of load on the
left side 77 and any other terms of the type Vay*

In matrix notation, the 8 coeflicients are cdmputed by a
least-squares procedure starting with equation (26):

(Bu
B
Bis

Vi=|p us ps My Vi Mp TB_H Bu
Brs

"Bis

\6174

The preliminary calibration data for the » values of applied
shears and moments and corresponding bridge responses are

-

@7)

[ VILI\ P11 Bia Bis JM"L1 V,Bl ZM’R1 T,Rl fﬁu\
V,L’ H21 Ms2 Mgz -M,L’ V,R’ M,R’ T 132 gm
13
< =11 < Bu
. e . . . B
.l ) ] ) (4 4 /4 ﬁlﬁ
\VL”J Ha1 Ha2 a3 ML V M T \ﬁl-,d
(28a)
or
{V'e}=|RI[{8} (28b)
where ||| is the rectangular matrix of equation (28a). The
least-squares normal equations are
{IBII7{V":} }=II|R|I"I|B][}{8} (29)
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Therefore

{BY=lIRII"NRIT{IBI"{V":}} (30)

The B coefficients for the preliminary equations for ML, Ty, Vi, Mg, and Ty are obtained in a similar manner from simplified
lond equations similar to equation (26) and which may be summarized along with equation (28) in matrix form as

(Vi — -« — — —] |ILw m
—'ﬂfL—‘———l_m#ﬁ

—_TL———I__M#S

- - - VR -_— |_I-llo Hi1

- - - - MR i |__I-‘13 Hi4
L. - — - - - TR_J I_P'lﬁ Hir

#3J v IM L VR MR T R Bu Bu Bu Ba Bs1 B
#s_'uLl VL VR MR T R Bz Bn B 342 B2 Bm
M_ITL IML Ve Mp Te Bis Bz Bz P B Bm -

I-‘H_IVRIMR VL ML TL B B 534 Bu Bu Ba

I-‘IB_IMBI VR VL ML TL Bis B Bis Bus Bss  Bes
#1s_|TRlMR Ve My, T, Bis B B Bis Bss Bes

(31)

where the terms on the principal diagonal of the left side are the only ones of interest.

The known load coefficients By, B, Bis, - - - Be1, Bes, Bes
in the upper portion of the S-matrix (eq. (31)) are used to
calculate the attenuation required for electrical combination.
For example, the attenuation factors for the shear-sensitive
combined bridge on the left side would be obtained from the
equation

va=(§§ #1+gi—: #2+§—ii #3) (32)
where B, denotes the coefficient 8;;, B, or Bz with the
largest magnitude. The six combined bridges with outputs
PV Pary, Pry, Pvp Pary, 80d pp, are then recalibrated by
applying a set of calibrate loads (not necessarily the same
as those used in the preliminary calibration) to the structure.
This final calibration should include both symmetrical and
unsymmetrical loading conditions. The final equations for
use in evaluation of the flight data are of the forin

( VL\ B'u Br B Bu B Bllﬂ_ PVL\
M, Bn Bz Bn Bu Bu Bun Par,
T, Ba B'a Bun Bu Bu Bw Pr
= L >
1 Ve Bu Bu Bo Bu Bs Bs 1 PV, (33)
My B'ss B’ B'sa B'su B'ms B'ss | | pa,
L Trj | Fa Ba Bs Bu Bes e | | o)

where the 8’ coefficients are evaluated by least squares.

APPLICATION OF PROCEDURES

To illustrate the application of the calibration procedures
just outlined, the calibration of two representative structures
is described in detail. The calibration of these structures
presented most of the problems that have arisen in the course
of the calibration of a great many structures in the Langley

3085656—56——34

aircraft loads calibration laboratory of the Flight Research
Division. In addition they also illustrate the use of the
partial-combination and full-combination procedures. Struc-
ture A is a three-spar unswept horizontal stabilizer and
elevator assembly with aspect ratio 6.7, taper ratio 0.29,
and 12° dihedral. Structure B is a two-spar horizontal
stabilizer with the quarter-chord line swept 35.6°, aspect
ratio 4.65, taper ratio 0.45, and 10° dihedral.

The strain-gage locations for structure A are shown in
figure 2. Shear and bending-moment bridges of the type
shown in figure 1 (a) were installed on all three spars at
stations parallel to the center line. The strain-gage loca-
tions for structure B are shown in figure 3. Shear and
bending-moment bridges of the type shown in figure 1 (a)
weré installed on both spars at station 1 (parallel to the center
line) and at station 2 (perpendicular to the sweep axis).
In addition, four torque bridges were installed on the skin
between the spars at a station perpendicular to the sweep
axis on the left side. The leads from each strain-gage
bridge were routed into individual balance circuits. Each
circuit, figure 1 (b), contained a balance potentiometer
Ry and a calibrate resistor Re. When combined bridges
were used, the attenuating resistors were incorporated in
the manner indicated in figure 1 (¢). Changes in current
for either individual or combined bridges associated with
strain changes in the structure under the application of
calibrate loads were recorded by means of a spotlight
galvanometer. Bridge sensitivity was made independent
of voltage changes by shunting the known calibrate resistor
R across one arm of either single or combined bridges and
measuring the resultant galvanometer deflection §.. The
calibrate loads applied to each structure, whether they were
point loads or distributed check loads, were applied in five
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et

1825 O
Distonce from center line, in.
Left stabilizer

18.25

.

Right stabilizer
Frqure 2.—Strain-gage bridge locations for structure A.

equal increments and removed in the same increments.
Values of the galvanometer deflection § were recorded for
each load increment. A straight line of the form

was fitted to the 11 data points by means of least squares,
and the deflection used for the loading was the value given
by the product of the least-squares slope %, and the calibrate
load, or ) )

Smar="hs X Calibrate load (35)
The value of p (or p) corresponding to the calibrate load was
then taken as

Omaz

b=

acal

(36)
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3 Sheor and torque bridges

Section A-A T~ ==Moment bridges

Distance from center line, in.
Left stabilizer Right stobilizer

FraurEe 3.—Strain-gage bridge locations for structure B. (All dimen-
sions are in inches.)

An attempt was made tp minimize any possible effects of
elastic lag by running through several cycles of load before
taking data and by taking as a reference condition not the
no-load condition but a datum determined by a preload.

STRUCTURE A

The application of calibration procedures for obtaining
ghear and bending moment on a structure where large carry-
over effects were present is illustrated by structure A where
the partial-gage-combination procedure was used in order to
measure both symmetrical and unsynmimetrical tail loads in
flight with as few recording channels and as few strain gages
as possible. The relationship between individual strain-gage
response and applied loads for the structure was obtained by
applying point loads at three spanwise and three chordwise
positions per side for both the preliminary and final calibra-
tions. The chord and semispan locations of applied loads
are shown in figure 4 and the values of shear and bending
moment are given in table I. Point loads were applied to
the left side alone, to the right side alone, and to both sides
simultaneously.

Preliminary calibration.—The nondimensional bridge re-
sponse values u for each of the 12 bridges for each of the 27

loads are given in table I, and the influence-coefficient plots u/V are presented in figures 5 to 8. To illustrate trends, curves have
been faired through the data points. The equations for determining the load coefficients for electrical combination were
based on equation (31) withouf torque measurement and some simplifications suggested by examination of the influence-

coefficient plots (figs. 5 to 8).

The simplified equations are summarized in matrix form as

Ve — — — — —] Brp, Hvyy By | My — Mp — Qu A  — QAu A —
—_ M, — — — — B, Mg #Mml - — My — Qg Qn — Qp g —
—— === |- - —l= = = 7 ]|as = % s =
— — — Ve — —([=||nve Hvay Hve | M — My — @y — — @y — — (37)
- — — — Mg — Marpy Hafp,, I-‘HRB| - — M, — -_ - - — - -
- = - — — — - - == = = = Mo Gz — Guo Ass —
- — —— = —ll- = -1- - =-lll-===—= -

whero the subscripts on the strain-gage response u denote the primary sensitivity and location of the bridge, and the 8, of

equation (31) have been replaced for structure A by the symbol a,;.

The values determined for a;; to as; by least-squares

procedures are given together with their probable errors in the top half of table II.
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Frqure 5.—Influence coefficients for uncombined right shear bridges for
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Fraore 4.—Loading points for structure A.
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Tigure 7.—Influence coefficients for uncombined right moment bridges
for structure A.

By using the procedure of equation (32) and the largest a
coefficients given in table II, the strain-gage bridges of
equation (37) were combined electrically to produce four
partially combined bridges according to “the following
equations:

N

a1 13
P #v,_,,‘f'#vw-i'a—m Bvg

__Ta a3
par === Y A pac . )
e - (39)

_Qaun Ay
PVR—a #VRP—I"@ FVR“_l'I-‘V'RB

s 53
Puk=aj I‘MRF+FMRM+EFMRR J
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Ficure 8.—Influence coeflicients for uncombined left moment bridges
for structure A.

Final calibration.—The structure was loaded again with
the same loads as in the preliminary calibration. Influence-
coefficient plots for py,, par,, pv,, and par, (fig. 9) show the
response of the combined bridges to the loads applied in
the final calibration. The final shear and bending-moment
equations, which were similar to equation (33), were

Vi a’'ya’na’sa’y Pvy,
M, @'y @ 0 @33 0y Pary, (3 9)
Vv - ., ’ ’ ’
R Q31 A3a B33 @3y | JPvy
Mp a5y Par

The final calibration coefficients a’;; to a’y are given in
table II. Also given in table II are the probable errors of
estimate obtained by the use of equation (18) and the
probable errors in the coefficients obtained from equation
(21). Zeros in table II indicate that the corresponding
bridges were found to be irrelevant.
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Fraurs 9.—Influence coefficients for combined bridges for structure A.

As a check on the applicability of equations obtained by
the point-load calibration to the determination of distributed
loads as encountered in flight, the distributed load 4, shown
in figure 10 was applied to the structure. For this loading
the gage response, the applied and calculated values of
shear and bending moment, the differences, and the per-
centage differences are given in table ITI. Sample calcula-
tions for the preliminary and final left shear load coefficients
for structure A together with the probable errors are pre-
gented in table IV.

STRUCTURE B

The application of calibration procedures for obtaining
shear, bending moment, and torque on & swept structure is
illustrated by structure B for which a form of the full-
combination procedure was used. The data for structure
B were obtained as part of a general investigation of calibra-
tion methods applied to swept structures. For this reason,
although structure B is & horizontal stabilizer and carryover
effects were present, these effects were ignored in the pre-
liminary calibration, and the data were treated as they
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Fieure 10.—Symmetrical distributed check load A4; applied on
struoture A.

would be for a wing where carryover effects are ordinarily
not observed. For the final calibration, however, carryover
effects were included.
. Preliminary calibration.—The preliminary calibrate loads
were applied on the left side alone and on the right side alone.
The chordwise and semispan locations of applied loads are
shown in figure 11 and the associated values of shear,
moment, and torque are given in table V. For the 16
bridges shown in figure 3, the bridge response coefficients p
corresponding to each point load are given in table V and
the corresponding influence-coefficient values in figures 12
to 16. In figure 17, the influence-coeficient data for the
left shear and the left moment bridges at gage station 2 have
also been plotted against the distance along the sweep line,
measured from the intersection of the sweep axis and the
center line.

Of the many equations which might have been used to
relate load to the outputs of the various bridges located on
either the left or right sides, only a limited number were

- investigated. The limitation was guided by the nature of

the influence-coefficient plots. The similarity of the re-
sponse of each of the four torque bridges (fig. 16) suggests
that redundancies will be introduced if more than ome
torque bridge is included in any equation. The similarity
of the response of both front-spar and rear-spar moment
bridges (figs. 14 and 15) and the comparative absence of
both shear effects and nonlinearities in the moment curves
imply that little would be gained by using two moment
bridges; the rear-spar bridges actually used had the highest
moment sensitivity as shown by the greater slope of the
influence-coefficient plots. These considerations suggested
that the equations for the left side be limited to two shear
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bridges, & bending-moment bridge, and one of the four
torque bridges. Equations for the right side were limited
to two shear bridges and a moment bridge. Although only
one torque bridge was to be used in the equations for the
left side, a check was made to determine which of the torque
bridges gave the best results. For the shear, bending
moment, and torque at station 1 and shear and bending
moment at station 2, this check involved a least-squares
calculation of the coefficients of four different equations,
each involving a different torque bridge (20 solutions in all).
These equations can be represented by the general form

bpl bﬂg bp@ bp.‘ }I.VL’ bps 0 0 0 ,UT’T
by b bps b 0 b,s 0 0

AT el [OC ST It Hra) (40)
b,l bﬂ bp3 bM p'VLR 0 0 6,7 0 pTRT ‘

0006,3#1'

byl b,ﬂ bp;; bp.‘ Har ‘B

where L, is a general load term and values of p from 1 to 5
correspond respectively to V., My, Ty, Vi, and Mg,
Although both b, and b,; are shown in equation (40), only
the appropriate value is used for calculations at station 1 or
station 2. The values of the coefficients b, . . . by are
given in table VI along with the probable errors and the
probable error of estimate of each of the equations. The
coefficients were calculated by solution of the least-squares
normal equations of the form of equation (15) obtained from
the calibration data of table V.

The probable errors of the coefficients were calculated by
equations of the form of equation (21), and the probable
errors of estimate were calculated by means of equations of
the form of equation (18).

The bridges selected for combination were those with the
smallest value of probable error and are indicated by aster-
isks in table VI. The equations corresponding to the
selected bridge combinations were

Vi, by 0 by bu #Vu_l ¢ 0 by

My (b 0 b balY, 0 0 bul|(Frpm

Tz, S=||bs 0 bss b3y N1 ilbss 0 0 Bpopp (41)
Vi, 0 bug bys buf[ " ver 0 0 bal|(n,

M) || 0 Bss bes bsd|[{ Paze) || 0 Bes Of]"

For the right side where torque bridges were not installed,
the equations for shear, bending moment, and torque at
station 1 and shear and bending moment at station 2 were

VRI by 0 b3 by I~'v-,7m,1
MBI 621 0 623 624 n
4
Tr, S=||bst 0 bss b RF2 (42)
VRS 0 bu b43 b“ #VBR

M32 0 bm b53 bu H AMpr

Values of the load coefficients &,; . . . by (eq. (42)) are
given in table VII together with their probable errors and
the probable errors of estimate of the equations, all obtained
in the same manner as with table VI. Also shown in table
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VII are additional equations for My, and Vg, indicated by
asterisks, which were calculated when it was found that the
rear shear bridge in the equation for My, and the rear moment
bridge in the equation for Vy, were irrelevant. The coeffi-
clents of the bridges which were omitted were small with
respect to their probable errors and with respect to the
terms which were retained.

Based on the preliminary calibration coefficients given in

“tables VI and VII, the strain-gage bridges of equations (41)

and (42) were combined electrically to produce combined
bridges, according to the following equations:
For the left side

b13 b“ bl1
PVLI—#VL,I'Fle I‘VLB'I'T); #Mw'l-g; brpy

b b b
PMLl=i‘ F'VL’I+£ #Vm+#uw+b—:;7 iy

b b b
L TP S

b b b
PVL’=i #VL,2+I-‘VLR+ﬁz #Mm’i'b—:: Krpp

b b D
PuLz=5:—: ﬂvb,"l‘zﬁ #Vw+#arm+ﬁ By )

and for the right side
b13 bl{
PVle#VB,l+3; #VRR'I'b—l‘l‘ HBarg o
=
I Bvgy ity

b b
pTRz=b_:i #Vn,l‘l'b_: Myt Harg, r- (44)

bus
PVRS_.“VR,""E M

/" bea
P, =3 #VR,2+E “Vm'f‘l‘&fmj

Final calibration.—The relationship between applied load
and the response of bridges combined according to equations
(43) and (44) was then obtained by applying 15 point loads
per side. In this final calibration, symmetrical point loads
were applied in addition to left and right unsymmetrical
loads. The chordwise and spanwise locations of applied load
for the fina] calibration are shown in figure 11. Since a given
bridge was required in more than one equation of equations
(43) and (44), a switching arrangement was employed in the
calibration which automatically set up each combined bridge
in sequence during the application of each point load. The
values of p corresponding to each point load are tabulated in
table VIII. Influence-coefficient plots for the combined
bridges are given in figures 18 to 20 for the unsymmetrical
loadings for both swept and unswept coordinate axes.

Had carryover effects not been present, the data of table
VIOI would have been used simply to obtain the final load
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coefficient ’, and this procedure could ordinarily be used with wings and for strain-gage stations located other than at the
root. In order to provide & calibration which would permit evaluation of loads on both sides of the horizontal teil and allow
for the carryover effects actually present, the data of table VIII were used to compute the final calibration coefficients to be
used in final equations involving bridges on both sides of the structure. In general, these equations would have the form

t R B T 3
VLl T 0 0 0 b b b O 0 PVLl
My, b 0 0 bas bm b O 0O par,,
Ty, 0 0 bs 0 0 by by bu 0 0 or,,
Vi, bu 0 by by b 0 0 PV,
’ ’ ’
ﬁsz’L: 00 0 Vi Vu M Ya 0 0| e, | )
R, gy baa by O 0 b O 0 0 PVg,
M, by bm b 0 0 0 by 0O 0 0 pacy,
Tp,l Vg ba bam O 0’0 0 bx O 0 PTy, "
Ve, Bo bw b O 0 0O Vo O o,
LMB,J Lb'w.x b'103 b'105 O 0 0 0 bom LPMR’,

but all of the carryover terms may not be required in any particular case. The values of the coefficients actually needed
in these equations are listed in table IX together with the values of the probable error of estimate of each of the 10 equations.

As a check on these equations, three distributed loads B;, B:, and B; shown in figure 21 were applied to the structure,
For these loadings, the response of each of the 10 combined bridges, the applied and calculated values of shear, bending
moment, and torque, the differences, and the percentage differences are given in table X.
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Fraure 12.—Influence coefficients for uncombined right shear bridges
Fraure 11.—Loading points for structure B. for structure B.
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DISCUSSION
STRUCTURE A

The influence-coefficient plots, figures 5 to 8, for the point
loads applied during the preliminary calibration of test
structure A show that the response of the individual bridges
to shear, moment, and torque is not as defined by equation
(3) but includes some of the additional terms shown in
equation (4). The torque effect is small in the midspar
shear bridges (figs. 5 (b) and 6 (b)) and absent in the mid-
spar moment bridges (figs. 7 (b) and 8 (b)). With the
exception of the left midspar moment bridge (fig. 8 (b))
the moment bridges are comparatively free of the effects of
nonlinearity, as shown by the straightness of the lines for
the loading on each spar. In general, the response of each
bridge to carryover is similar to the character of the response
of the bridge to loads on the same side. The principal
carryover effect is one of bending moment.
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(c) Rear spar, stations 1 and 2.

Froure 13.—Influence coefficients for uncombined left shear bridges
-for structure B.
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Comparison of the probable errors of estimate of the pre-
liminary partial-combination equations given in table II
with the average applied loads shows that the simplified
equation (37) i8 adequate for eliminating the effects of
torque and the other terms in equation (4) responsible for
curvature in the influence-coefficient plots. Although equa-
tions similar to equation (31) were not tested, it appears
doubtful that their use would have given significantly better
preliminary load coefficients for determining the combining
ratios.

The responses pv,, par,, Pr, &nd par, of the four combined
bridges based on the data of table I arrd equation (38) and
shown in figure 9 in influence-coefficient form indicate that
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(b) Front spar, station 2,
(¢) Rear spar, stations 1 and 2.

Figure 14.—Influence coefficients for uncombined right moment
bridges for structure B.
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the combined bridges are essentielly free of the effects of
chord position of load. They are affected to some extent
by moment on the opposite side, since in writing equations
of the form of equation (37) this effect is not eliminated until

the final calibration. The final equations for evaluating -

Vi, Mz, Vs, and My used for evaluating these loads in flight
and given in the lower half of table Il indicate probable
orrors of estimate and probable errors in the coefficients of
the same order of magnitude as the preliminary equations.
The probable errors of .estimate are roughly 1 percent of the
average applied loads. The comparison shown in table III
of the applied check load 4, with the loads given by the
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Froure 15.—Influence coefficients for uncombined left moment bridges
for structure B.

final equations shows that the differences are less than would
be expected from the size of the probable errors in the co-
efficients of the final equations. In general, these errors are
of the same order of magnitude as the experimental errors.

STRUCTURE B

The influence-coefficient plots for the shear, moment, and
torque bridges of structure B, figures 12 to 16, show marked
curvatures of the sort which may be ascribed to the presence
of the higher-order terms of equation (4). When values of
the influence coefficients for bridges at station 2 (fig. 17)
are plotted against distance along the sweep axis, the plots
show the same curvatures as are shown in figures 13 and 15,
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Figure 16.—Influence coefficients for uncombined left torque bridges
for structure B.
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Ficure 17.—Influence coefficients for uncombined left shear and moment bridges at gage station 2 for structure B,

but front-spar and rear-spar bridges reflect more clearly the
effects of the chord position of the load relative to the
bridge location, as in structure A. Thus, measurement of
loads on axes related to the sweep axes may be treated in
the same way as measurement of loads on an unswept
structure. In view of the similarities between the influence-
coefficient plots of bridges at station 1 (parallel to the center
line) and those of station 2 (perpendicular to the sweep axis),
the use of strain-gage bridges in the root area of a swept,
structure does not appear to present any problems which
are essentially different from the use of bridges in the root
area of an unswept structure. The use of such bridges
offers the additional advantages of moment and torque
axes which correspond to the usual axes for load distribution
and airplane stability determinations.

The preliminary combining equations for the left side,
equation (41), and the right side, equation (42), differ since

more bridges with different characteristics were available’

on the left side than on the right. Comparison of the
values of probable error of estimate for the best preliminary
equations, table VI, with the corresponding probable errors
of estimate given in table VII shows that load measurements
on the left are probably more accurate than those on the
right.

As an illustration of the improvement in measurement of
shear on the left, obtained by the four bridges combined
according to equation (41) for Vz, over the results which
would be obtained by using say only the front-spar shear
bridge at station 1, the application of least squares and the
date of table V to an equation of the type Vz;l:bpyul shows

that
Vt‘l= 1071#;:'”1

and the probable error of estimate P.E.(Vy,) is 92 pounds.
Had this measurement been attempted by using the best
combination of both front-spar and rear-spar shear bridges,
the equation would have been

VL1=558”VL}'1+336“VLR
and the probable error would have been 29 pounds. Addi-
tion of the rear-spar moment bridge gives

.V‘)_',,.=608[J.VIJ,1 +389‘U'VLR_194“MLR

with a probable error of 18 pounds, whereas addition of the
torque-sensitive shear type of bridge in the rear-top torque
box gives the equation (from table VI)

V2, =545, +440uy,,—220pr, ,+ 1051,

with a probable error of estimate of 9 pounds. The improve-
ment in each equation in turn as measured by the probable
error of estimate is statistically significant.

The outputs of the combined bridges, with outputs given
by-equations (43) and (44), should have been pure shear,
moment, or torque insofar as the asymmetrical loadings are
concerned. As shown by the spanwise or chordwise varia-
tions of the values of influence coefficient, figures 18 to 20, the
combined shear bridges are very nearly pure shear bridges;
for the moment bridges, the influence coefficient varies di-

. rectly with the distance outboard of the gage station, and,

for the torque bridge (fig. 20), the influence coefficient varies
directly with distance from the torque reference axis, Asin
the case of the probable errors of estimate, the combined
bridges on the left side are generally better than the combined
bridges on the right. These plots also indicate a loss of
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Ficure 18.—Influence coeflicients for combined bridges at gage station 1 for structure B.

response for the shear bridges at station 2 (fig. 19) when the
load is applied on the front spar in the vicinity of the bridge
station. A similar loss of response was evident for the
front-spar shear bridges at station 2, figures 12 (b) and 13 (b).
This loss in sensitivity appears to be a local effect, associated
with the fact that a bridge does not, in general, respond to &
load applied inboard of the bridge, and it has only a limited
influence on the precision with which shear can be determined.

Examination of the effects of carryover, shown in table
VIII and figures 18 and 19, shows that in three out of the ten
cases CPVLz, Py and pMR1> bridges combined on the basis

of loads applied to the same side had negligible carryover
cffects, When final combining equations (45) were devel-
oped, application of least-squares principles showed that in
these three cases the coefficients for all the bridges on the
opposite side could be neglected, as shown by the zeroes in
the equations for Vi, Tp, and Mg presented in table IX.
In the case of Vi, and Tk, the final equations required the
inclusion of an additional bridge on the same side.

The final equations shown in table IX have probable errors
of estimate of roughly the same order of magnitude as the
experimental data. The shear values of the three distrib-
uted loads By, B;, and B; obtained from the final shear equa-
tions are more accurate for the left side than for the right
side for station 1 (see table X). For station 2, the shear

values for the left side are not so accurate as for the right but
are still within the limits that would be estimated from the
probable errors of the load coefficients. When the distributed
check loads were applied with sand bags to structure B,
center-of-pressure locations could not be held to the precise
limits possible with the relatively smaller pads used for
applying point loads. A comparison, therefore, of the differ-
ences between calculated and applied bending-moment
values for the left and right sides is not especially significant.
The largest difference in inch-pounds is equivalent to an error
in center-of-pressure location for the distributed load of 1.8
inches or 2 percent of the semispan.

APPLICATION TO OTHER STRUCTURES

Outline of steps in calibration procedure.—Application of
the basic load calibration method to wings and vertical tails
differs in no essential detail from the general procedures just
described for the two horizontal stabilizers. Since the basis
of the method is general, the method is applicable to other
types of aircraft structures, such as control surfaces or
landing gears. No hard and fast rules of procedure can be
given which will apply to all cases, since each structure
presents individual problems, some of which cannot be
recognized until the date of the preliminary calibration are
analyzed. Certain steps which are common to all cali-
brations may be outlined, however, and the first of these is
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Fiaure 19.—Influence coefficients for combined bridges at gage station 2 for structure B.

instellation of the strain-gage bridges. Shear-type or
moment-type bridges should be so oriented as to respond.
primarily to the forces or moments which they are intended
to measure. Since it can usually be assumed that such
bridges will respond not only to the desired force or moment
but also to other forces or moments as well, enough bridges
must be installed to permit development of the appropriate
equations relating load and bridge response.

The second step in the calibration procedure involves a
choice of the calibrate loads. This choice involves a selec-
tion. of the points of application and the shear values to be
applied at these points. For the principal lifting surfaces a
minimum would appear to be three chordwise positions at
each of three spanwise stations of each panel. The shear
values will ordinarily be determined by a safe local stress.

The third step is application of the calibrate loads. These
are ordinarily most easily applied with jacks through pads

large enough to prevent local buckling. In order to assess
any possible effects of elastic lag, application and removal
of these loads by increments is recommended. To provide
data for evaluating the effects of carryover, the loads should
be applied to one side alone, to the other side alone, and to
both sides simultaneously, as with structure A.

The fourth step in the calibration procedure involves
evaluation of the preliminary calibration data. Influence-
coefficient plots provide a useful guide to the characteristics
of each bridge and, thus, assist in establishing the form of
the preliminary calibration equations. A further guide as
to the choice of bridges lies in calculation of the probable
error of estimate and the probable errors of the load co-
efficients of the preliminary equations.

The final step in the calibration procedure depends upon
the results of the preliminary calibration in relation to the
electrical recording equipment available and the number of
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Figore 20.—Influence coefficients for combined torque bridges for
structure B.

different loads to be measured in flight. If measurements of
shear, bending moment, and torque are desired and carry-
over effects are present such that all bridges are affected by
shear, bending moment, and torque of both sides, then full
electrical combination appears to be impracticable since all
bridges would need to be installed in sextuplicate. On the
other hand, these six quantities could all be determined by
numerical evaluation of the individually recorded responses
of a much smaller number of bridges. An example of a
compromise between these two extremes was provided by
structure A where a partial-combination procedure was
used which required only four recording channels for flight
measurement and did not require the multiple installation of
strain-gage bridges. If a bridge-combination procedure is
to be used for flight recording, the structure must be re-
calibrated in order to determine the final calibration co-
efficients. A distributed load should also be applied as a
check on the final calibration equations. For wing structures
where application of distributed loads may not be practicable,
check loads may be applied through the jacking points.

523

&
O ~Goge station |

Torque reference line~.. T

Zc ;
|
Zg i
Z4!
Zonef'l e
~
A 1
Lood 1L ( |
Hline” [700560 420 280
768
Distance along semispan from center line, in.
. Load distribution, 1b
Loading
zZones

B, By B,
Za 100 100 50
Zp 300 300 150
Zc 400 400 200
Zp 500 500 250
Zg 100 50 100
Zy 300 150 300
Zgo 400 200 400
Zn 500 250 500

Figure 21.—Distributed check loads B; to B, applied on structure B.

Flight load measurements.—A strain-gage installation
calibrated according to the methods given in the present
report will measure structural loads relative to some ref-
erence condition. The load on the airplane on the ground
is the most easily determined reference condition. Provided
the landing gear is inboard of the strain-gage station,
changes in strain-gage response from the ground to flight
at 1 g are proportional to the aerodynamic load. If the
airplane weight is carried at points outboard of the strain-
gage station, corrections for the wheel reaction are applied.
Corrections must also be applied for any changes in weight
distribution outboard of the strain-gage station. Under

. accelerated flight conditions the loads measured by the

strain-gage installation are structural loads; therefore,
inertia loads must be added in order to obtain aerodynamic
load. ’

Some instrumentation requirements.—Strain-gage instal-
lation methods such as those given in references 10 and 11
are satisfactory for loads measurement, provided four-
active-arm bridges with matched individual gages and short
interconnecting leads are employed, as illustrated in figure 1.
Direct-current systems at present provide the most stable
circuit characteristics for measuring bridge output and, thus,
are being used for flight aerodynamic loads measurements by
the NACA. :

Because of the possibility of sensitivity changes or of zero
drift in the recording apparatus, provision must also be made
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to account for such changes. Changes in sensitivity result
from changes in supply voltage to the strain-gage bridge and
to the recording galvanometer elements; drift results from
temperature effects on the galvanometer elements and from
temperature effects on the structure. Although drift due to
changes in temperature is minimized by the use of four-
active-arm bridges, as shown in figure 1, stresses introduced
by temperature gradients within the structure are not com-
pensated and a temperature-calibration procedure would be
needed if these effects were appreciable. Although sensi-
tivity changes and galvanometer drift are generally small
with direct-current strain-gage equipment, in practice it has
been desirable to take calibrate signals along with the ground
zero records and before each run in flight. A no-voltage
galvanometer zero is also recorded on the ground and before
each run in flight. With the use of this information, cor-
rections can be applied to the strain-gage-deflection data of
each run to refer it to a ground reference condition, which
eliminates the necessity for establishing inflight reference
conditions by means of special maneuvers.
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CONCLUDING REMARKS

The general principles outlined in the previous sections
have been successfully applied to many more structures than
those used as examples in this report. Although the point-
load method has for some time been the standard calibration
procedure at the NACA, the particular methods for reducing
the data and of combining gages given in the present report
are the result of continual improvements. They are still
subject to a certain extent to the judgment and experience
of the engineer. Although improvements in detail are still
possible, it appears that future work should include the
effects of temperature gradients within the structure in
anticipation of measuring loads under supersonic-flight con-
ditions where thermal effects may be appreciable.

LANGLEY AERONAUTICAL LLABORATORY,
NarioNaL Apvisory CoMMITTEE FOR AERONAUTICS,
Lanerey Fierp, Va., dug. 12, 1958.

APPENDIX
SIMPLIFIED CALIBRATION PROCEDURES

The fact that the response of several bridges in structures
A and B is apparently adequately represented by the simple
linear relation

#z=aaV+auM‘|‘dﬁT

for certain regions of load application suggests that the cali-
bration procedures outlined in the present report could be
considerably simplified. One such simplification could be
the arbitrary application of three calibrate loads to a struc-
ture with three bridges and determination of the calibration
coefficients by the solution of the three sets of three simul-
taneous equations. )

If small departures from the preceding equation exist, the
values of the coefficients obtained depend upon the three
points chosen for load application. In addition small errors
in measurement greatly influence the values of the coefficients.
Unlike results obtained by least squares, the solution of three
such simultaneous equations offers no information about the
reliability and does not permit assessment of reliability for
other loading conditions. Since neither the effect of errors
in measurement nor the existence of small departures from
the previous equation can be determined from three ap-
plied loads, such & simplified point load calibration is not
recommended.

All the disadvantages inherent in simultaneous-equation’
solution for calibration coefficients are present in a commonly
used method of calibration in which a pure shear, a pure
torque, and & pure bending moment are applied to a structure,
and the coefficients are determined by simultaneous-equation
solutions involving the response of three bridges to the three
applied pure loads. Conformity to the previous equation
cannot be established by the application of only one pure
shear, one pure bending moment, and one pure torque but
only by the application of loads at many chordwise and
spanwise stations. Since the application of many pure loads
to a structure is also difficult (special jigs and fittings being
required), it offers no particular advantages as & calibration
procedure.

The maximum value of load which can ordinarily be
applied to a structure at a given point without risk of local
failure is, in many instances, small in comparison with the
magnitude of the loads measured in flight. A method of
calibration which permits the use of large distributed loads
has also been investigated. This method in certain limited
applications would permit the determination of not only the
total load but also the magnitudes of the various components,
such as the additional and basic air load distributions. The
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basis of the method lies in the fact that, for a particular
distribution of load, the response of a strain-gage bridge will
vary linearly with the magnitude of that load. Consider the
total load to be made up of several such distributions, some
of which will be symmetrical or antisymmetrical zero-lift
distributions but all of which will have root-bending-moment
values M; to M,; then, the following equations can be
written to express the response of n different bridges to the
n loads:

{l-"t} =[a,,].{‘i11,}

:+=1,23,...n;7=1,2,8,...mn)

(A1)

The coeflicients a; are determined from the strain responses
u¢ for loads M, to M, as

aiFﬁ (A2)
The equations for use in evaluating the load components are
then given by

{M,;} =[] {p:} (A3)

The total moment on the structure is
The shear components V), are

v=2 (45)

Ys

and the total shear is

V=V, (A6)
The torque components 7T’ are

where k; expresses the exact relationship which exists between
the moment and torque for any particular load distribution.
The total torque is

T=ZTJ

In practice, if four-strain-gage bridges were available, four
different load distributions representing the principal com-
ponents of the load on a wing panel-—namely, additional,
basie, aileron-deflection, and demping-in-roll distributions—
could be applied in the calibration. The method suffers from

(A8)
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the disadvantages inherent in solutions based on simultaneous
equations involving an equel number of loads and bridges.
If the flight loads were actually a composite of various pro-
portions of the calibrate load distributions, then useful
information about distribution could be obtained, but
changes in the shape of any one distribution can result in
unreslistic values for all the distributions. A comprehensive
test of the distributed load calibration method has been made.
The date which illustrated the importance of the foregoing
shortcomings are not included in the present report since it
is believed that such a method of studying flight loads would
be restricted to low-speed tests of rigid structures and is not
sufficiently flexible to give useful information in general
flight-load investigations.
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TABLB I

PRELIMINARY AND FINAL CALIBRATION DATA FOR BTRUCTURE A

Applied loada Uncombined bridges CUombined bridges
Staiilel‘on, (B.mi)
B Yt;' iﬁ{{i) Hror | #¥oar | Bver | #roe | Prow | Proe Bapn | Bapr | Bapae | Farpe | Pra ry Pup Pay,
Right side loaded
198. 5 | F¥ronl 50.0 00, 160[ 0. 234] 0, 481 0. 270;—0. 322|—0. 143|—0. 223 Q. b80|—0. 26(01—0. 002(—0. 184| 0. 104{—0. 017] 0. 191} —0.013
Middlo 5001 80, 160 . 184] |, 451 . 365 —, 303| —. 121 —, 187 1. 009 —, 243 —. Q008 —. 177| .106{ —. 017 .191 —. 012
Rear 500| 00, 1560 . 063| . 450 . 471 —. 828 —. 121] —. 175 1. 055 —. 284 —. O0B| —. 1701 . 106 —. 017 . 191 —. 013
180. 0 | Front 1, 6004187, 630 . 881 1. 370 . 860 —. 261 —. 123| —, 304 1. 834 —. 311 —. 044 —. 408 .206] —. 081 . 302 —. 023
Middle 1, 5001187, 630 . 618 1. 2121 1 117 —, 369 —. 115 —. 288 2, 030| —. 374| —. 047] —. 345 .311 —. 031 .863 —.028
Rear 1, HO0I187, B30 - 168! 1. 0881 1 5h4] —. 45681 —. 118] —. 18D 2 108 —. 4821 — 0471 —. 298 827 —. 034 864 —. 024
50.0 | Front 2, 500] 79,3880| 1 815/ 2 803 .307 O —. 084| —. 373 1L L7311 —. 002 —, 018] —. 314 . 803] —. 018 . 179 —. 013
Middle 2, 600] 79,880 1,091 3. 401| 1, 108 —. 285] —. 108 —. 281 . LMY —, 23] L O04) —. 2200 L 847 —. 015 .. 1904 . 013
Rear 3, 5004 79 880| —. 004| 1. 028| 2 670 —. 412 —. 081 —. 0186 1. 4841 —~. 318 —. 01H —. 08b . bls| —. 020 - . 182 —. 015
Loft sid
108 5 | Front 5001 80, 150 —-Cl. 478{ 0. 615|—0. 810] 0. 619| 0. 187 0. 087 —Q. 381 0. 058| Q. 658 1 009,—0, 025 0. 007[—0, 017] 0 179
Middle 5000 90, 150 . 442 469 —. 211 . 025 . 181 . 707 —. 260 . 868 . b56] L 087 . 025 .067] —, 016 178
Rear 500 00, 150] —, 474| , 484| —, 183 . 459 .17 . 750 -, 221 L 841 . 5858 L 114 —. 028 . 086{ —. 014 . 178
180, 0 | Front 1, 500{167, 630 —. 817] 1. 065 —. 51b ! L 184 —. 200 . 624 —, 4481 L 834/ 1. 128] 1 681 —. 053 . 208 —. 037] . 386 .
Middls 1, 5001187, 6201 —. 904! 1, 050 — 458 783 —. 227 1 158 =, 4277 1,738, L 154 L 902 —. 0B84 .210 —. 025 . 835
1, 500167, 630 —. 981} 1. 014 —. 302 3671 —. 207 1616 —. 371 1.e41] L 171 2 106 —. 085 L 217 —. 037 . 387
60.0 | Frout 2,500y 79, 380 —. 020] .834] —. 450 2 3523 —. 617 041 - —. 4271 1. 482 . 444 810 —. 024 . 850 —. 018§ . 162
Middle 2,500 79, 3801 —. 4621 .4} —. 310| 1.301) —. 778 1 207 —. 263 1. 086 L0341 . o46) —. 037 .874 —.015 . 174
Rear 2, 5000 79, 380 —. 728) .413 . 059 . 438 —. 413| 2 823 —. 048] . 891 . 480 1.401| —. 031 . 356 —, 018§ . 161
Both sid
108. 6 | Front 500| 90, 180{—0. 036) 0. 760] Q. 094—0. 015{—0. 1771 0. 155 0.788| O.584 0.028 0. 781 0078 0. 044| 0O 178 0. 171
Middle E0Q| 90, 160 —, 116] . 718 . 215 —. 160] —. 200 . 240 . 822 681 833 . 857  .083 .048 . 175 . 162
Rear 500) 90, 1600 —.-248 734 . 813) —. 181y —. 142 . 422 . 860 b24] a29 . 808 . 087 048 LTS . 183
i80. G | Front i, 500|167, 6307 .379 Z 180 0057 .668 —. 380 .4i8 1364 1.377 L 128 1.424 .28 .1i87 . 338 . 806
Middle 1, 500|167, 8B0; —. 100] 2 065 . 664 . 168 —. 897 . 986 1. 504 L1184 1L 122 1,625 . 2688 174 . 332 . 3811
Rear 1, 500|167, 630y —. B03| 1. 98] 1.185 —. 577 —. 412 1. 456 L 766 .0656] L 118| 1.8563 .286) .17 . 830 . 8315
50. 0 Front 2, 500| 79,380 1.841( 3. 137 —. 181 2 148/ —.687] .200 L2470 1,197 . 488 . 527 . 487 . 320 . 158 . 16l
Middle 2, 500| 79, 380 . 662) 3. 923 L7801 1.099 —. 846 1.193 . b79 8095 580 . 8071 .526 . 351 L 172 . 158
Rear 2,500| 79,380 —. 679 2. 424 2 500 —.018) —. 5421 2, 844 1. 325 . 933 454| 1.330] .46023 . 342* . 18b . 143

9z¢
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TABLE IX
SUMMARY OF LOAD COEFFICIENTS AND PROBABLE ERRORS FOR STRUCTURE A
(a) Preliminary calibration

L gﬂon Load coefficient ay; for equation (37) Pr Olt.’a];lfe?rPr?lﬁ’f
1% an 2] [23¢] 4373 as P B (Vz,), 1b
L 570+10 —1,300:35 57010 (14+1)X104 (8+1) X104 28
M Qs 21 Gr3 [ P. E. (M}), in-lb
L 15,700 £1,570 98,6504-4,100 14,190 + 1,860 (830 70) X104 1,967
v, Oyt ag ag ay g P. E. (Vp), 1b
z 700135 330420 726+ 25 —(742)X10~ (361+6) 10 42
M an as as ass P. E. iM z), in-1b
R 12,950+ 2,250 90,4004 5,660 19,45041,750 (7504+146) X104 ] ,493
(b) Final calibration
ch{g:ﬁon Load coefficient a’4; for equation (39) Pergt?;tgfe?rll;?%?f
vV, a'n a's a’is a'u P.E. (Vi),1b
L 6,845 +45 295450 68030 28
A a's a'y a’'n a’a P. E. (Mp), in-lb )
L —11,280+2,150 509,730+ 2,270 0 34,720+ 1,340 1,305
v a’y o'y a'n a’y P.E. (Vg),1b
B 0 705240 4,7904-25 0 37
M a'y ay a'ss a'y P. E. (M), in-1b
R 0 40,810+1,170 —14,180+1,240 479,870+ 1,790 “1,060

TABLE III

DISTRIBUTED CHECK LOAD DATA FOR
STRUCTURE A.

(a) Combined bridge response p

Distribution (fig. 10) Py

L

PyL PVE PuR

A

0. 266

0.405 | 0.426 | 0.443

(b) Shear and moment comparison from equation (38)

Aj: Applied
Caloulated
Difference

Percent difference

Vi

My, Ve

2, 250
2, 240

10
—0. 4

226, 420 | 2, 250
228, 000 | 2, 320
1, 580 70
0.7 3.1

226, 420
923, 000
—3, 420

~15
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TABLE IV
LEFT-STABILIZER SHEAR EQUATIONS FOR STRUCTURE A
(a) Preliminary equations ‘
From table I and equation (37), { V' }=|R]{a}

: Pyop By Evip Ay Mp
1 "0 ) —0.322 —0.143 —0.223 0 90,150
2 0 —0.303 —0.121 —0.187 0 90,150
11 500 0.619 0.187 0.637 90,150 0 au
(51
. . < > = ‘ as
. au
: amn
23 1,500 0.668 —0.386 0.418 167,630 167,630
n=27 2,500 —0.016 —0.542 2.846 79,380 79,380 .
22,839 18.051 —4.831 9.650 —0.502X10°  11.196X10°
—12,290 —4.831 3.470 —6.652 —5.268X10° —6.161X10%
{IRIT{ VL)) = 33,417 and [|IR]TIR]|]= 9.650 —6.652 29.422 6.403X10°  20.225<10°
14,84810° —0.502X10% —5.268X10° 6.403X10° 25.515X 101  12,7583<1010
29,697 X10° 11.196X10° —6.161X10° 20.225X10° 12.758X 1010 25.515)X 1010
Using the step-by-step procedure for solving simultaneous equations given in reference 12 leads to
) 0.20062 0.42932 0.08073 0.12868<10~% —0.112703{10~*
0.42032 1.65787 0.30066 0.38465X10~% —0.21872X10~3
[IR]TIRI1= 0.08073 0.30066 0.13354 0.08599><10-% —0.11168X 10~

0.128682<10-* 0.3846510-* 0.08599 10~ 0.15392 10~ —0.10871<10~1©
—0.11270X10~% —0.21872X10-% —0.11168X10—% —0.10871X10-10 0.17871X 1010

From equation (30),

an 567.5
ans —1305.5
an -=[IRITIRI-{RIT{V'L}}= 571.9
ayy 142.5)( 10-3
ass 75.1>X10~3
From table I 3V7;2=525X10% and from equation (19)
22,839
—12,290
Zer,3=525X10°—L567.6 —1305.5 571.9 142.5X10-5 75.1X10-3] 33,417 =37,000
14,848 108
29,697 X 108

From equation (18) for n=27 and ¢=35, the probable error of estimate P.J.(V;)=28 1b.
iBid u:singﬂi the elements on the principal diagonal of the inverse load matrix [[|R]|T]|R[[I-! and equation (21), the probable errors in the preliminary
oad cocflicients were

P.E.(ap) +/0.2006 +12
P.E.(ap) +/1.6579 +36
P.E.(as) =28 401335 .y = +10
P.E.(ay) +/0.1539X10-1 +11X10-3
P.E.(a10) +0.1787X10-1 £1210-3

From equation (32), the calculated attenuation required for electrical combination of the three shear bridges mounted on the left stabilizor was

567 572
ve="1305 " Vee T *7ixt 1305 i

Similar procedures were followed to obtain py,, pry, 8nd par,.
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TABLE IV.—Concluded.
LEFT-STABILIZER SHEAR EQUATIONS FOR STRUCTURE A

(b) Final equations
From table I and equation (39), { V'.}=llo|l{a’}

i oy, Py 3T
1 [ 0) [[-0.017 —0.013 0101
2 0 —0.017 —0.120 0. 191
1 500 0. 067 0.176 —0.016 ,
a1t
. . . . a’y }
4 . ; = . . . {0'1:
23 1, 500 0. 170 0. 315 0. 332
n=27 \2, 500J 0. 266 0. 405 0. 443

7143. 5 0.9836 0.7675 0. 2704
{lleliT4 VIL”_'{5797 0} and [lell7]lolll=| 0. 7675 0.9586 0. 3833
2718. 0 0.2704 0.3833 1.1094

2719040 —2.21879  0.10379
Uleli7llell-t=| —2. 21879  3.02070 —O0. 50291
0.10379 —0.50201 1. 04989

{“:"} el el o V723 {633% ‘f}
a’ 13 S =IlloliTHelll-{ e )=

o't 679.7
From table I IV”;2=5257X105, and from equation (19)

7143. 5
Zer3=525 % 105—|6848.4 204.1 679.7]{5797. 0} =40,419
. 2718.0

From equation (18) for n=27 and ¢=3, the probable error of estimate P. & ? )
By using the elements on the principal diagonal of the inverse matrix []lpl T]fa[[]‘l and equation (21), the probable errors in the final load

coefficients were
’ P. E. (a'1) 2. 7195 446
{P. E. (a'.,)}=28{«,/3. 0207}={ :l:49}
P. E. (a'1) /1. 0499 +29

The final left-stabilizer shear equation which was used for the evaluation of the flight data was
V5= (6845 +485)pr, + (205 + 50) par+ (680 £ 30) pary,



TABLE V
PRELIMINARY CALIBRATION DATA FOR STRUCTURE B
Applied londs Leaft stablilizer Right stabllixer
Btation (ﬂ];?\{l) - A A o

b | b | indB | then | FTen | Bree | Pian Fare “riry | BMiry| Brer | Prys | Prer | Prap | #Pery| Prac | PMar | Puge | #Tre | i,
b Front 250 12,0000 13,000 7,160| 0. 208 0. 883| 0. 318] 0. 380 Q. 154.- 0. 2056) 0. 082| 0. 136] O, 168 O, 185| 0. 271 0. 418] 0. 280| 0. 308 Q. 170| 0, 340
9 Middle 250| 12, 09y 13, 780 - . 200| .446] 353 .405 .137[ .324| .001] .041 .0p8| .078] .259| .446 308 .40 .14Q . 280
o Rear 250| 12,000 14, 630 9,400 .202 .4890 .387| .404] .184] . 340|—. 088|—. 026|—. 018 019] .258| .502| .340( .4221 .143| . 3148
24 Middle 250| 11, 530{ 13,000 7,000 .354| . 43?| . 348 . 378 .140{ .3001—.002| .036] .048 .065| .241| 454 ,289 .383] .13% .273
8 Front 250 ii, 620 1ii,7a0; ©6,400; .2087) .§78 .230 347 i8ij . 258 . 088 134 141] . 1BL| .284 36D . 2458 .3b4] .168 . 2390
8 Middle 250 11,020 12,420, 7,560] .244| .436 .822 .363 .134]f .3287|—.003{ .033] .034| .085 .228 .45b .275 .373] .132 . 263
8 Rear a50( 11,020( 13,090| 8, 740| .230| .400 .848 .367] .124| .B809|—. 0a7|—, 032 —. 032|—. 002| .243| .492| .304] ,38H 135 .280
8A Middle 250| 10,480| 11,750] 7,180| .234| .418/ .20 .335| .138 .204) .000] .045| .089 .057| .2156) .428| .248 .334 .1380] .2838
7 Front 2501 0, 880| 10,3580 &, 6000 .247 .361) .261f .307] .157| .223| .101] . 13% .13 .131| .231| .391| .21 .319 .159 .208
7 Middle 250 9, 880 1}, 050; 6,810 .230| .423] .280| .320y .142) .281| .007| .030] .026( 047 .221| .447 .247 .828| .141] . 227
7 Rear 250 9, 830( 11, 750: 8 040n | 2831 484! | 3100 | 3211 | 1441 | 275— O70!— 034{— 057I— 0200 2311 4800 _agal | 8441 1811 | 257
7A Middle 250 0,200 10,350 6,410 .228 .418 200| .3803| .144| ,233] .014] .046] .025 .o044] . 210 432| . 228 .308 .140y . 211
i} Front 6001 17,880 17, 730! O, 8501 .40% .731| .422 .534 362 .380 .251; .301| .287 .278 .481| .7067| .380 .548 .865] .854
6 Middle 600 17,3808 19, 100| 12, 100y .47¢ .8&28| .512| .56 .322| .447 .011] .080 .028 064 .448| .860| .43l .o74| .315 .396
8’ Roar 500| 17, 3801 20, 750| 14,6301 .468 .0D00| .578 .&678 . 200 .408{—. 158/—. 084|—, 160{—. 079| . 428| .954| .488 .&506| .279 .444
BaA Middle BOO| 16, 130] 17,730| 11,7601 4608 ,810| .472| .5200 .320{ .407 022 . 081 .013| .060| .458| .876| .3908 .b644] .B22| .368
3 Front 500| 14, 850] 14, 670| 7,770{ .478 .0606 .864 . 465 875 . 809 250| . 2068] . 258| .241] .452| .736] .308] .460{ .378] .278
-] Middle 600| 14, 350] 10, 190 10,4301 .454| .808| .421] .477] .388] .86a8 036) .094] 008 .03L| .425] .851| .363] .403] .331 .328
b Renar GO0 14, 8601 17, 7807 13, 080 . 428 .883) .4901 .50 281| ., 418|—. 148{—. 005|—. 100|—. 134 419 . 044] .444| .b24] .285 .882
SA Middie 5001 13, 500 14, 670 B, 640 .439) .816| .385 . 489 824 . 820 028y . 066|—, 028|—. 008 421| . 848 . 333| .454] .334] .300
4 Front 750 18, 380( 17, 220 9301 .718| .091] .402 .539 634 . 352 417 . 481 3b4| .B59| .0678 L QoY .304| .bH642] .648) . 381
4 Middle 760| 18, 880 19, 600; 13, 0901 . 659| 1. 204| .5268, . 5004 5320 4338 053] . 124(—. 0B1|—. 027 . 637 L 260 .447 .620] .B544] .360
4 Bear 780 18, 380 22, 000; 17, 210; . 600; 1. 388 .035] .0818] .483] .B52G|—. 241;—. 185{—. §701—. 281 . 578 1. 443 .B838] .B883] .446] .470
4A Middle 780| 16, 350] 17, 220| 11, 740 624 1. 210 .467] .507] .G6BS| .87 062| .128(—. 086|—. 032| .611| 1.221| .384| .b5H32 .544| . 833
3 Front T80| 14, 300| 12,2601 6,080 .7b& .084| .276 .415 .7687 .223 370 .448 2541 2380 .706| L 024 .240] .404| .754| .203
3 Middle 7501 14, 300| 14, 730| 10,390 .603 1.15698| .370| .410 b48| . 208 079 .098—.,078] .004] .b598| 1L 217 .382 .4583] .552] .271
3 Rear 7601 14, 800} 17, 14, 711 . 685 1.322( . 5000 .473 453| .400|—. 286|—. 17 —. 4b5|—. 305| .B5563| L 380 .420| .b619| . 449 . 361
2 Front 1,000 13,3800 ©,210] 4 110} L 100] .o0s8] .131] .372] 1404 .o28 .sa7 .732 .200 .284| 1.082] 1. 040 . 122 .374| 1350 o033
2 Rear 1,000] 13, 380 18, 340{ 18, 100 6830] 1.823; .483| .433{ .535| .367|—. 288—. 230;—. 568|—. 446 62| L 868 .414| .448 .b544; .830
1 Front 1,000, 7,500 2, 160 0] 1 260{ .8la|—. 086 .289 1. 358/ —, 184 801 .0v6] .22 180 1.087 08—, 060 . 208 1. 117[—. 153
1 Middle 1,000 7,5000 5, '740| 6,250 .789| 1,252 .096| .148 .830]—.084] .155| . 147 0056]—. 421| .689| L 400 .0Q97| .123| .748/ .019
1 Rear 1,000{ 7,500 9, 210] 12,500, .519| 1.853| .316] . 147 442 . 228|—. 166] .091]—. 842{—. 814] .510{ 1. 860] .263| .189| .451 .196

L
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TABLE VI
SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRORS FOR LEFT SIDE OF STRUCTURE B
E(}gﬁon Load coefficient by; for equation (40) ng;?&?g?i?f
by b bu P. E. (Vl‘x)’ b

. 535412 42517 —194+8 9
Vi, 57012 410+7 —200410 11
* 54511 4408 —22019 9
590413 41011 —215+15 13

by . bx by P. E. (My), in-lb
—2, 635350 | 2, 8154200 | 28, 620+ 250 280
.My, —1,920+£330 | 2,400+190 | 28, 130+ 280 300
* | —2,2604310 | 3,600-240 | 27, 240+ 260 270
—8824:450 | 2, 9001380 | 26, 750+ 500 426

byt by bs P. E. (T1,), Ib-in.
* | —5,4001:435 | 6, 115250 | 17, 390+ 310 278
Ty, ~7,185%530 | 7,025310 | 17, 750+ 450 484
—6,475+500 | 5, 7251375 | 18, 6451425 430
—6, 865400 | 5, 410345 | 20, 040+445 384

bua bas by P. E. (Vi),1b

. 410+£14 460+9 —33+13 14
Vi, 415+15 440410 —21116 17
* 415112 480411 —64114 13
455+ 14 445114 —37+21 17

b [ bt P. E. (My,), in-lb
—5,6901-430 | 3, 570+290 | 32, 200+400 310£680 | oo | e | e 440
My, | *| —6,390::320 | 3,960£150 | 31,735+380 | .__________ 1,7404660 | oo | oo 400
—5,8404:390 | 3,780+350 | 31,950£460 | oo _ | oo ____. 660£610 | ___________ 430
—5,4004370 | 3,300+380 | 32, 480570 | oo | oo oo —400£710 450

*Equations used for determining combining ratios.
TABLE VII

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND
PROBABLE ERRORS FOR RIGHT SIDE OF STRUCTURE B

E g:ii_on Load coeﬂic-ients b;; for equation (42) Pgscﬁ;?fe%?lﬁ?f
VRI bu bn bu P. E. (VRI)’ 1b

655+ 10 380+5 | —225+10 10

bn bn bu P. E. (MRQ’ in-lb
Mg, 3,150-:525 | 10175 [27, 240490 557
*1 31654376 | ______ 27, 2454435 548

TB bn bn ba P. E. (TBL)’ lb-ill.
! —10, 635+495(7, 99085 (17, 075450 500

) baz ba bu P.E. (Vr,), 1b
Ve, 495+ 15 4204:10 | —s50+17 20
* 495115 305k8 | _______ 21

M s b bt P. E. (Mg,), in-lb
B —4, 675300 [2, 700+ 215(31, 565+ 350 403

*Equsation used for determining combining ratios.



TABLE VIII
FINAL OCALIBRATION DATA FOR STRUCTURE B

Applied load Loft stabllizer Right stabilizer
1
¥, b {;’, in-1b | My’, in-1b | 7", Tb=in. Ty, YL, P, 2R Ary, pra, PFp, Py, Py, ory
Laft side loaded
250 12, 080 14, 830 9, 400 0. 387 0490 ( 0.364 | 0368 | (452 | —0.039 [ —0. 028 0. 010 0. 020 0. 079
4 250 12,000 18, 000 7, 180 383 477 . 378 . 308 L8387 | —. 011 ¢ . 007 . 014 . 023
260 11, 020 13, 090 8, 740 . 390 . 480 326 . 338 . 418 —. 039 —. 019 . 00D . 030 Lo
250 B, 880 11, 750 8, 040 . 384 . 480 292 .321 . 386 —. 038 —. 018 . 008 . 024 . 072
250 9 10, 350 5, 800 ., 378 . 473 . 303 . 293 . 360 . 001 . 007 Q07 . 010 . 018
500 17, 380 17, 780 9, 660 770 . 8o . 531 . 287 . 728 —, 088 -, 037 . 018 . 048 . 124
800 4, 850 17, 730 13, 080 762 . 963 . 443 L824 . 8560 —. 0060 —. 033 . 014 ] 117
800 14, 850 14, 670 7,770 . 754 . B3l . 444 . 150 . 848 . 018 . 018 . 002 —. 007 —. 026
750 18, 880 23, 000 17,210 1130 1 422 . 588 374 LBT7T L —. 0780 —.038 . 018 . 062 . 138
760 14, 300 17, 220 14, 710 1 138 1, 425 . 426 . 573 . 784 —. 070 —. 036 . 016 .47 . 128
: 750 14, 300 12,260 6, 080 L 117 1 386 . 410 . 4490 . 382 . 056 . 038 . 001 —. 027 —. 082
1, 000 18, 880 18, 340 16, 100 L 488 1. 843 414 . 300 . 820 —. 072 —. 037 015 .40 . 187
1, 000 18, 880 9, 210 4,110 L 506 1L . 408 . 443 . 248 . 103 . 070 —. 009 —. 050 —. 179
1, 000 7, 500 B, 210 12, 600 L 481 L 766 . 262 . 214 . 558 —. 059 —. 082 . 010 . Q37 . 163
1, 000 7, 500 2, 180 0 1 479 1. 603 . 262 . 268 . 171 <120 . 078 —. 013 —. 074 —. 218
Right side loaded
250 12, 090 14, 830 9,400 [ —0. 033 | —0.003 [ 0.088 | 0.040 | 0. 020 0. 328 0. 438 0. 388 0. 358 0. 401
230 12, 090 18, 000 7, 150 —. 004 . 002 . 013 . 010 . 008 . 801 . 399 . 3456 . 332 . 8360
250 11, 020 18, 000 8, 740 —. 035 | —. 005 . 082 . 033 . 019 . 324 . 441 . 337 . 332 384
250 9,880 | 11,780 8,040 | — 025 | — 008 028 | .032| .012 . 324 . 431 . 288 | 297 | 354
250 B, 880 10, 350 5, 600 0 002 004 . 004 . 002 . 289 . 392 . 278 . 268 . 397
500 17,880 17,730 9, 550 —. 048 | —, 009 . 050 . 064 . 024 . 840 . 874 . 532 . 518 . 845
500 14, 850 17, 730 13, 030 —. 089 007 - 044 . 048 . 021 . 663 . 874 . 457 . 450 . 672
500 14, 850 14, 670 7,770 017 012 | —. 006 | —. 006 . 002 . 504 . 806 . 417 . 880 . 438
750 18, 380 22, 000 17,210 —. 047 —. 008 . 084 . 0067 . 024 . 542 1. 202 . B8l . 576 . 788
760 14, 300 17, 220 14, 710 —. 044 —. 009 . 060 . 064 . 024 . 678 1, 812 . 4685 . 456 . 865
750 14, 300 12, 260 8, 030 . 043 014 | — 083 | —.°039 | —. 008 . p0B 1. 259 . 388 . 300 . 348
1, 000 18, 380 16, 340 .| 18, 100 —. 046 —. 000 050 . 065 . 025 1. 270 1. 801 . 420 - 40 . 780
1, 000 18, 380 8, 310 4,110 . 087 L0341 — 087 | —. 078 ] —. 021 1 242 1. 744 . 413 . 238 218
1, 000 7, 600 9, 210 12, 500 —. 084 . 001 039 L 043 . 016 1219 1. 5768 180 . 319 815
1, 000 7, 500 2, 150 0 . 088 .028 | —. 079 | —~. 080 | —. 081 1,302 1. 474 . 811 . 10b —. 097
Both sides loaded
250 12, 000 14, 630 9, 400 Q. 367 0. 480 | 0.383 ] 0.8381 ] 0 462 0. 277 0. 406 0. 884 0. 398 0. 488
50 12,090 13, 000 7,150 . 389 404 . 380 . 844 . 341 . 288 . 402 . 867 . 852 . 887
250 11, 020 18, 080 8, 740 . 866 . 486 . 355 .350 . 438 . 284 . 401 . 338 . 354 . 447
250 9, 880 11, 760 8, 040 . 862 479 318 . 315 . 383 . 283 . 408 . 303 . 318 417
250 9, 880 10, 350 3, 600 . 388 . 481 . 309 . 270 . 375 . 207 . 402 . 288 . 278 . 315
500 17, 880 17,780 9, 550 . 719 . 950 . 564 . 867 . 738 . 578 822 558 . 687 . 780
500 14, 850 17, 780 18, 080 714 . 954 . 488 . 498 . 680 592 . 830 405 . 520 . 720
500 14, 850 14, 670 , 770 770 . 936 . 462 . 877 . 380 . 6816 . 821 . 414 . 378 . 422
750 | 18,380 a2, 17, 210 1. 083 1. 438 . 608 . 827 . 921 . 880 1272 . 601 - 630 . 982
[ 750 14, 300 17, 320 14,710 1078 1. 367 . 465 . 480 . 776 - 8G9 1. 286 . 486 . 486 TTT
750 14, 300 12, 030 1. 151 1 411 . 302 . 288 . 282 . 964 1. 269 .878 . 268 .264
1, 000 13,380 16, 340 16, 100 L 415 1. 804 . 468 . 804 . 860 L 212 1L 670 . 429 . 477 . 912
1, 000 18, 380 9, 210 4,110 1. 542 1. 930 347 143 . 281 1. 328 1L 794 . 418 . 198 . 067
1, 600 7,500, g, 310 12, 500 1. 418 1. 787 . 205 303 . 572 L 144 L 528 . 190 . 253 L 704
1, 000 7, 500 2, 150 0 L 545 1. 644 .182 . 004 . 149 1. 369 1. 516 . 279 . 032 —. 208

(454
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TABLE VI
SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND PROBABLE ERRORS FOR LEFT SIDE OF STRUCTURE B
E(}gﬂon Load coefficient b; for equation (40) Pé%?;tgfe?g?%?f
bu bis bu bus Bis bur bug P. E. (Vi,),1b

. 535112 42547 —19448 W5£14 | cooimiii e 9
Vi, 57012 410L7 —200+10 | ________ 8714 | _________ | - ___ 11
* 545111 440+ 8 —22029 | o0 | Il 105413 | - 9
59013 410+11 —21615 | ______T_ | CITIIITTT e D TITC 45420 13

by b baq bas Bas bar bas P. E. (ML), inlb
—2,635::350 | 2, 815200 | 28, 620250 | 5, 650440 280
- My, —1,9204330 | 2, 4003-190 | 28, 130+ 280 300
* | —2,2601310 | 3, 600240 | 27, 2401260 270
—8824460 | 2, 900380 | 26, 750500 426

by by by P. E. (T,), lb-in.
* | —5 4904435 | 6, 115+250 | 17, 3904310 278
Ty, —7,186530 | 7, 0251310 | 17, 750 + 450 484
—6,475:500 | 5, 7251375 | 18, 645425 430
—6,865-5400 | 5, 410345 | 20, 040+ 445 384

ba b bu P.E. (Vi),1b

. 4104+ 14 460+9 —33+13 14
Vi, 415+15 440310 —21%18 17
* 4151412 48011 —64+14 13
455+ 14 445114 —37+£21 17

Bra b bt bas bss . bss P. E. (My,), inlb
—b5, 690:£430 | 3, 570290 | 32, 2004400 8104680 | oo | e 440
My, | *| —6,390:£320 | 3,960+150 | 31,735£380 | -__________ 1,7402660 | oo | ool lC 400
—5,840+390 | 3,780+350 | 31,950+460 | | . 1 __ 660610 | o _______ 430
—5,400-:370 | 3,300£380 | 32, 480570 | - | oo | Il . —400+710 450

*Equations used for determining combining ratios.
TABLE VII

SUMMARY OF PRELIMINARY LOAD COEFFICIENTS AND

PROBABLE ERRORS FOR RIGHT SIDE OF STRUCTURE B

Ec%uatlon Load coeﬁiqients by; for equation (42) Igﬂb“?&fgf’%‘?f
Vi, bu by bu P.E. (V) Ib

855+ 10 3805 | —225+10 10

ba bas bae P. E. (Mg,), inb
MRl 3, 1504- 525 10175 |27, 240+ 490 557
*| 3165£875 | - 27 245+ 435 548

Tx bat b bu P. E. (Tk,), Ib-in.
1 —10, 635644957, 9904856 {17, 075450 509

ba b bu P.E. (Vi,), b
Ve, 495415 | 420410 | —50+17 20
* 495+ 15 395+8 | _______ 21

M bss bs bas P.E. (M Rx)’ in-1b
s —4, 8754300 |2, 7004-215|31, 565+ 350 403

*Equation used for determining combining ratios.



TABLE VIII
FINAL CALIBRATION DATA FOR STRUCTURE B

(453"

Ro Applied load Left stabllisor Right stabllizer
W .
Btaﬂon (ﬂg ll)
Y, 1b | MY, in-1b | A/, in-1b | 7¥, lb~In, YL, P, Ay, parp, err L PPy, pag, Pig,
Loft aide loaded
0 Rear 280 | 13,000 | 14,680 9, 400 0.387 | 0.400| 0364 | 0358 0.452| —0. 030 | —0.028| o0o010| o0 029
D Front 250 12, 090 13, 000 7, 150 . 388 477 373 . 368 . 337 —. 011 0 . 007 , 014
8 Reoar 250 11, 020 13, 000 8,740 . 390 . 489 829 . 3358 . 418 —. 030 —. 019 009 030
7 Rear 250 g, 880 11, 760 8, 040 . 384 480 292 321 . 386 —. 038 —. 018 004 024
7 Front 250 9, 830 10, 360 6, 600 376 473 . 303 203 . 306 Q01 007 . 007 01a
6 ar 500 17, 380 17, 730 g, 850 770 966 521 287 . 723 —. (68 —. 087 015 . 044
b Rear 600 14, 850 17, 780 13, 080 782 963 443 524 . 850 —. 080 —. 033 014 040
b Front 600 14, 860 14, 870 7,770 764 931 444 160 . 348 . 018 018 002 —. 007
4 Raar 780 18, 380 22, 000 17,310 1 130 1 422 . 558 374 8T ~—. 076 —.088 . 018 052
8 Rear 750 14, 300 17, 220 14, 710 L 133 L 425 426 . 573 . 754 —. 070 —. 035 016 047
8 Front 760 14, 300 13, 260 8, 080 L 117 1. 386 . 419 . 449 . 282 056 038 001 —. 027
3 Rear 1, 000 13, 380 16, 340 18, 100 1 488 1 848 414 . 300 . 820 —. 072 —, 037 015 049
2 Front 1, 000 13, 380 g, 210 4,110 L BOB 1 858 408 . 443 . 248 103 070 —. 009 —. 0589
1 Raar 1, 000 7, 500 9, 210 12, 500 1. 481 L 7586 . 262 . 214 , 858 —. 039 —. 032 . 010 , 037
1 Front 1, 000 7, 500 2, 160 0 L 479 1 803 . 202 . 2006 . 171 . 120 . 078 —. 013 —. 074
Right side loaded
] Rear 350 12, 090 14, 680 9, 400 —0. 033 | —0.003 0, 036 0. 040 0. 020 0 328 0 438 0. 868 0. 358
%] Front 250 12, 000 18, 000 7, 160 —. 004 . 002 . 013 . 010 . 008 . 301 . 309 345 . B33
8 Rear 250 11, 020 13, 080 g, 740 —. 026 —. 005 . 082 . 033 019 324 L Ad] . 337 . 332
7 Rear 250 g, 880 i1, 750 8, 040 —, 028 | —. Q038 . 038 . 082 . 012 . 324 . 481 286 . 207
7 Front 250 0, 880 10, 350 6, 600 0 . 002 . 004 . 004 . 003 . 280 . 302 278 ., 260
8 Rear 500 17, 380 17, 730 9, 550 —. 046 |  —, 009 . 050 . 054 . 024 . 040 . B74 . 832 .b18
53 500 14, 850 17, 730 13, 080 —. 030 —. 007 -044 . 048 . 021 . 063 . 874 . 487 . 450
5 Front B500 14, 850 14, 670 7,770 . 017 L012 | —. Q08 | —. CO6 .002 | L 504 . 808 417 . 880
4 750 18, 380 23, 000 17, 210 -, 047 —. 008 . 064 . 087 . 024 . 942 L 292 881 . 678
8 Reoar 750 14, 300 17, 220 14, 710 —, (44 —. 008 050 . 064 024 978 L 312 485 . 455
8 Front 750 14, 300 12, 2680 4,080 043 014 | — 0381 —.080 | —, 000 900 1250 358 . 800
2 Rear 1, 000 13, 380 16, B40 . 16, 100 —. 046 —. 00 060 0b6 026 1 270 L 601 420 . 440
2 Front 1, Q00 13, 380 9, 210 4, 110 . 087 .084 | —. 087 | — 075 | —. 021 L 242 L 744 , 413 . 238
1 Rear 1,000 7, 600 9, 210 12, 500 —, 034 . 001 . 0Bg . 042 . 019 1 219 L 678 184 . 219
1 Front - 1,000 7, 600 2, 150 0 . 088 023 | —. 070 —. 000 | —. 031 1 202 L 474 |+ 311 ., 108
Both sides loaded
Q Rear 250 13, 090 14, 830 9, 400 0. 357 0, 489 0. 382 0. 381 0 462 Q. 277 0. 405 0. 884 0. 398
] Front 250 .| 13,080 13, 060 7, 160 . 389 404 . 380 . 344 . 841 . 288 . 402 . 867 . 852
8 Rear 250 11, 020 13, 090 8, 740 . 366 . 488 . 366 . 360 . 433 . 284 . 401 . 338 . 304
7 Rear 250 9, 880 11, 750 8, 040 L3621 .479 313 . 315 . 303 . 288 ., 408 . 303 . 318
7 Front 2560 9, 880 0, 6, 600 388 . 481 309 276 275 . 207 . 402 . 288 . 278
8 Rear 500 17, 380 17,730 9, 550 71g .. 850 . 564 567 738 . b78 . 822 . 53g . b&7
5 Rear 500 14, 850 17, 730 13, 080 T4 . b4 488 498 080 . bP2 880 . 495 . 520
a Front 500 14, 860 14, 670 7,770 770 . 035 . 452 377 360 . 815 . 8321 . 414 . 875
4 Rear 760 |. 18, 380 22, 000 17, 210 1. 093 1. 488 . 608 637 921 . 890 1.272 . 601 . 630
3 Rear 750 14, 300 17, 220 14, 710 1. 073 1. 867 . 465 . 400 775 . 809 1. 288 . 486 . 486
3 Front 750 14, 800 12, 280 6, 080 1. 151 1. 411 . 892 . 208 . 282 . 964 1. 269 . 876 . 248
2 Rear 1, 000 13, B8O 16, 340 16, 100 1. 416 1. 804 . 468 . 504 860 1. 212 1, 670 . 429 . 477
2 Front 1,000 | 13,380 9,210 4,110 1642 | 1980 .347] 142 281 1328 | 1794 S48 T 193
1 Rear 1, 000 7,500, g, 210 12, 500 1. 416 1. 787 . 295 . 803 . 572 1. 144 1. 528 . 190 . 253
1 Front 1,000 7, 600 2, 160 0 1. 5485 L 644 . 182 . 004 . 149 1, 369 1. 516 . 279 . 032
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TABLE IX
SUMMARY OF FINAL LOAD COEFFICIENTS AND PROBABLE ERRORS FOR STRUCTURE B
TFinal
> . . Probable error of
te}ztlil.l Load coefficients b’y; for equation (45) estimate, P. E
by b'1e "1y 18 P. E. ,1b
Vi, 67042 0 —90+15 90£10 )
M b'x b'ss bar - P. E. (My), in-1b
L 33, 3454235 525190 2, 440£590 —4, 0454325 490
by b'ss by b'ss P. E. (T¢), 1b-in.
Ty, 18, 9152+ 370 0 0 0 (87%)’
bu b b b b P. E. (VL) 1b
Vi 5765 1125415 0 e
'58 b'es bier U P. E. (ML), in-lb
My, 39, 225 - 900 5,070+1,080 | —b5,82041,160 (14L7’()>'
b - o3 bes P. E. (Vz), Ib
Ve, 0 — 200425 200+ 20 78515 (18 )
b b b - P. E. (Mp), in-lb
Mz, 0 0 0 32, 3151325 ( 60%
Ty ba Ve ’e3 i "sn P. E. (Tz,), Ib-in.
1 0 —1, 670430 2, 430 £ 565 16, 545565 1017
b Ve e be P. E. 1b
Va, 0 —115430 9525 60525 (2‘;"’)’
10, b10 b1, 3 b0 P. E. (Mg,), in-lb
My, 0’ 7,300,215 | —6, 665905 36, 965 4 475 ( 822’)’
TABLE X
DISTRIBUTED CHECK LOAD DATA FOR STRUCTURE B
(&) Combined bridge response p
i ti
Dle s vy Parry o, e Patey b7, Pty Pray e Pty
B —1.924| —1278| —1.821| —2.524| —1.140] —1571| —1175| —1.837 | —2201| —1. 106
By —1.806| —1.240| —1.803| —2.535 | —1.107 | —0.795 | —0.583 | —0.673 | —1.101 | —0. 552
B; —0.927 | —0.617 | —0.663 | —1.221 | —0.565 | —1. 578 | —1.147 | —1.305| —2 200 | —1.682
(b) Shear, moment, and torque comparison from equation (45)
Vi, My, Ty, TV, My, Va, Mg, Tr, Va, Mz,
By: Applied —1,300 | —38,850 | —25,580 | —1,300 | —40,800 | —1,300 | —38, 350 | —25,580 | —1,300 | —40, 800
Calculated —71,299 | —40,736 | —24,992 | —1,326 | —42,883 | —1, 242 | —37, 955 | —23, 728 | —1, 242 | —41, 378
Difference 1| —2 886 588 —26 | —2, 083 58 | - 395 1,857 58 2578
Percent difference —0.1 6. 2 —2.3 2.0 5.1 —4. 5 —1.0 —7.3 —4. 5 14
By Applied —1,300 | —38,350 | —25,580 | —1,800 | —40,800 | —650 | —10,175 | —12,792 | —650 | —20, 400
Calculated —1,275 | —40,464 | —24,642 | —1,336 | —42,459 | —634 | —18,830 | —10,800 | —634 | —20, 777
Difference 25| —2 114 938 —36 | —1,659 16 345 1, 902 16 2377
Percent difference —2.0 5.6 —-3.7 2.8 41 —2.5 —1.8 —14.9 -2 5 L9
By Applied —650 | —19,175 | —12,792 | —650 | —20,400 | —1,300 | —38,350 | —25,584 | —1,300 | —40, 800
Celeulated —635 | —18,030 | —12,543 | —640 | —20,393 | —1,250 | —37,073 | —24,315 | —1, 250 [ —40, 093
Difference 15 245 249 10 7 50 1,277 1, 269 50 707
Percent difference —2,3 —1.3 —2.0 —1.5 0 3.9 —3.3 —5.0 —3.9 —-17







